IMPORTANCE Four assays registered with the US Food and Drug Administration (FDA) detect programmed cell death ligand 1 (PD-L1) to enrich for patient response to anti-programmed cell death 1 and anti-PD-L1 therapies. The tests use 4 separate PD-L1 antibodies on 2 separate staining platforms and have their own scoring systems, which raises questions about their similarity and the potential interchangeability of the tests.
P atient response to checkpoint inhibitor immunotherapy has been considered to be exceptional. [1] [2] [3] The checkpoint inhibitor programmed cell death ligand 1 (PD-L1) is the target for 1 therapy approved by the US Food and Drug Administration (FDA) (atezolizumab), and its receptor, programmed cell death 1 (PD-1), is the target for 2 others (nivolumab and pembrolizumab). In registrational trials, each of these drugs has been tested with a companion diagnostic assay that has been independently designed and is based on a combination of a unique antibody with a custom-designed assay using proprietary reagents, protocols, and thresholds defining elevated expression of PD-L1. This scenario has led to a challenge for pathologists who seek to provide companion diagnostic testing but do not necessarily know which therapeutic agent will be selected by the oncologist for any given patient.
Historically, immunohistochemistry (IHC) has been used to determine the presence or absence of a given protein. In combination with morphologic findings, IHC assists pathologists in classifying a tumor. Immunohistochemical assays are optimized by vendors to provide a binary outcome from what is inherently a continuous variable. Companion diagnostic tests are the exception to this approach for IHC since a threshold value is required. Expression above the threshold number of cells at or above the threshold intensity is then tightly linked to the prescription of a drug. The best examples of this testing are in breast cancer, in which estrogen receptor must be expressed in more than 1% of cells, at any intensity, to be considered positive. 4 For PD-L1, 3 drug-specific tests are FDA approved as either companion (pembrolizumab) or complementary (atezolizumab and nivolumab) diagnostics, which use 3 different antibodies and 3 sets of assay conditions. The test for nivolumab uses the Dako/Agilent 28-8 assay, the test for pembrolizumab uses the Dako/Agilent 22c3 assay, and the test for atezolizumab uses the Ventana SP142 assay. This is a very different approach than that taken historically, in which, using the example of estrogen receptor, several common antibodies are used in either FDA-approved assays or laboratorydeveloped tests to give a result that can predict response to therapy for approximately 12 drugs that inhibit or otherwise modulate estrogen receptor-mediated signaling in breast cancer. This scenario raises a new problem for pathologists: specifically, whether they should be more concerned about accurate measurement of the target protein or focus on the assay result, as appears to now be required by the FDA in companion diagnostic testing for PD-L1, in which 3 separate assays are approved for the same protein.
This problem presents a theoretical issue and a practical issue. The first is: Does each of the assays equally assess the amount of PD-L1 present in the tissue? Although this is an important issue, the FDA does not require proof of the number of molecules expressed compared with some analytic standard. A more practical issue is: Are these FDA-approved assays equivalent as approved, and can any of the assays be used for any drug, or are the assays and prescribed scoring methods specific to the therapeutic with which they were developed? To address this practical question, 2 main efforts have begun to compare the assays in the United States. The first study, labeled the Blueprint study, is a comparison of 39 cases scored by 3 industry pathologists comparing the 3 approved tests as well as a fourth assay that is for investigational use only from AstraZeneca and Ventana based on the SP263 antibody.
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This study showed concordance between 3 of the 4 assays, with the SP142 assay as an outlier. The Blueprint study was considered a pilot study and, as such, was not statistically powered nor was it multi-institutional.
The second United States-based study is reported here. Our study, sponsored by the National Comprehensive Cancer Network and funded by Bristol-Myers Squibb, sought to provide level 1 evidence for biomarker testing 6,7 by using a statistically powered, prospective design in a multi-institutional setting. The primary objective was to compare the performance of available antibodies, assays, and test platforms for the ability to accurately and reliably measure PD-L1. In the absence of patient outcome data across therapeutic products, we focused on direct comparison between 4 assays to understand the properties and performance of antibodies and tests relative to one another, evaluate differences in the assessment of PD-L1 on tumor cell surface vs immune infiltrates, and compare interpretation of results between pathologists across assays. Although limited by the use of samples from untreated patients, the level 1 evidence produced herein is not evidence for prediction or clinical accuracy of the assays but rather for assay concordance and pathologist concordance in the assessment of each assay. Although the Ventana assay is now FDA approved, it was slightly altered from the investigational use-only test that was available at the time of the staining for this study. That protocol is essentially identical to the current approved protocol with the exception of 3 steps representing different incubation times (eTable 2 in the Supplement). All other conditions were identical to the approved test, and the appearance of the slides is comparable to those using the approved protocol. For E1L3N, the staining procedure for the laboratory-developed test can be found in the eAppendix in the Supplement.
Methods

Case Selection
Pathologist Scoring
The stained slides were all sent to the University of Colorado for scanning by a Leica Aperio scanner and placement into a database viewable by using an internet connection. A template for scoring was constructed on the REDCap database. Pathologists scored the images conveyed via the internet, which allowed visualization of the entire slide with full zoom capacity from the equivalent of a 1 × original magnification to 400 × original magnification. Instructions were provided to 16 pathologists at 8 institutions, and a deadline was set for completion of scoring of 90 cases with 4 slides per case representing each pair of stain and platform. Despite extension of the deadline, only 13 of the 16 pathologists from 7 of the 8 institutions participating in the study correctly completed the scoring exercise. Because each system has its own scoring protocol, we designed a unified scoring method for both tumor proportion scores (TPSs) and immune cell proportion scores (ICPSs) that could be used to calculate a score that fits into the categorical scoring system for each laboratory-developed test or FDAapproved assay, including the AstraZeneca Ventana SP263 test, even though that assay was not tested in this exercise. As in those assays, the score of the TPS or ICPS is based on membrane and cytoplasmic staining of any intensity. The scoring system is summarized in eTable 3 in the Supplement.
Statistical Analysis
Statistical analysis was performed from December 1, 2015 , to August 30, 2016 . Pathologists' scores were recorded on a 6-point scale, with each value corresponding to a range of the tumor percentage: the original score of category A is negative or less than 1% of tumor, a score of B is 1% to 4% of tumor, a score of C is 5% to 9% of tumor, a score of D is 10% to 24% of tumor, a score of E is 25% to 49% of tumor, and a score of F is 50% or more of tumor. The same statistical analyses were performed for the TPS and ICPS. For assay comparison, mean scores from the 13 pathologists were plotted for each antibody by cases. Paired Wilcoxon signed rank test was used to compare the antibody pairs for scores from individual pathologists. A mixed-effects linear model was used to evaluate the statistical significance in differences between antibodies, treating effects from pathologists as random effects. To assess concordance of the antibodies, intraclass correlation coefficients (ICCs) were calculated among the 4 antibodies and among 3 of the 4 tests (except SP142 on the Ventana Benchmark platform) using the mean scores of the pathologists for the 90 cases as well as each pathologist's scores. Sample size justification based on ICC was conducted before data collection. Assuming 4 antibodies, we calculated the statistical power that 90 slides can achieve to differentiate an almost perfect agreement (ICC, ≥0.85) from a moderate (ICC, 0.5) or strong (ICC, 0.7) agreement. Taking into account that approximately 35% of the scores will be positive, 90 slides can achieve 87.9% power at a significance level of P < .05 to differentiate an ICC of 0.85 from an ICC of 0.7. An ICC is interpreted as follows: below 0.3 indicates poor agreement, 0.5 indicates moderate agreement, 0.7 indicates strong agreement, and 0.85 or more indicates almost perfect agreement. Analyses were also performed to quantify the concordance of scores between the pathologists: ICC values between pathologists were calculated for each antibody in both the original 6 score levels and 3 aggregated levels (<1%, 1%-49%, and ≥50%). 8 Variance of the pathologists' scores was decomposed to contributions from antibodies and pathologists using analysis of variance. Furthermore, the original scores were dichotomized using the cutoff of greater than 50% and the cutoff of greater than 1% to assess the concordance between pathologists for binary tumor evaluation. The Fleiss κ coefficient and Kendall concordance coefficient were calculated to evaluate the agreement and concordance of the 13 pathologists' binary assessment for each antibody. A κ coefficient of 0.4 or less is poor to fair agreement, greater than 0.4 to 0.6 is moderate, greater than 0.6 to 0.8 is substantial, and greater than 0.8 is almost perfect. Strength of the Kendall concordance coefficient was interpreted similarly to that of the ICC. 9,10 Statistical analysis was completed using SAS software, version 9.4 (SAS Institute Inc) and MATLAB, version 2014b (The Mathworks Inc) based on the prescribed experimental design of the first phase of the National Comprehensive Cancer Network and Bristol-Myers Squibb study.
Results
Among the 90 samples, the appearance of the stained samples was similar to that seen previously in IHC assays of PD-L1 expression, [11] [12] [13] showing predominantly membranous staining. The 4 assays appeared largely similar, although 1 of the 4 assays was substantially lighter in staining intensity ( Figure 1) . Figure 2A and D show a comparison of the TPS and ICPS for each case by using the mean scores of the 13 pathologists as a continuous percentage score, even though each pathologist entered a categorical score, as shown in eTable 2 in the Supplement. Figure 2B , C, E, and F show the scoring results by percentages of patients in each categorical scoring class for each assay for both the TPS and ICPS, as well as the percentage positive using only the 50% and 1% cut points to generate a binary score for the TPS and using the 10% and 1% cut points for the ICPS.
To assess interassay variability, we first determined the mean score for the 13 pathologists for each antibody assay, then compared each antibody in pairwise comparisons to show the mean difference for each antibody, and then tested for significance using the Wilcoxon signed rank test and a mixedeffects model. Table 1 shows the mean difference and statistical significance of each for both the TPS and ICPS. Only the 28-8 assay and the E1L3N assay were not statistically significantly different by this method, and the SP142 test had the greatest magnitude of difference compared with the other 3 antibody assays. The tumor means by assay are 22c3, 2.96; 3.26; SP142, 1.99; and E1L3N, 3.20 . The immune cell means by assay are 22c3, 2.15; 28-8, 2.28; SP142, 1.62; and E1L3N, 2.28. The difference in the means for the tumor cells that were significant were as follows: 22c3 was significantly lower than both 28-8 (mean difference, −0.3; P < .001) and E1L3N (mean difference, −0.246; P < .001). SP142 was significantly lower than all other assays as shown in Table 1 . The ICC is perhaps a better method to compare these assays. Again using the mean of the 13 pathologists' scores, we found that the ICCs for the TPS and ICPS were 0.813 (95% CI, 0.815-0.839) and 0.277 (95% CI, 0.222-0.334), respectively, which increased to 0.971 and 0.804 when SP142 was excluded.
Although it is interesting to use the mean of the 13 pathologists' scores to compare the assays, the scoring of individual pathologists is more important since, in practice, a case is usually only examined by a single pathologist. The ICC for each pathologist and each antibody assay was measured to assess variability between pathologists in scoring both tumor and immune cells. Table 2 A second important variable to determine for comparison of pathologists' scores is concordance around the cut point at which clinicians decide to prescribe drugs. At the time of this submission, there are FDA-approved cut points at greater than 50% and greater than 1%. The concordance, as measured by the Fleiss κ statistic for the mean of all 4 antibody assays at the cut point of greater than 50%, is 0.749 and at the cut point of greater than 1% is 0.537. The Kendall concordance for the mean of all 4 antibody assays at the cut point of greater than 50% is 0.775 and at the cut point of greater than 1% is 0.612. Our study does not have outcome information for anti-PD-1 or anti-PD-L1 therapies. As such, the sensitivity and specificity of the assay could not be determined. However, in efforts to evaluate the ability of any given pathologist to correctly assess each assay, we defined the median pathologist's score as "truth" and calculated the correctly predicted proportion of positive cases as an analogue for sensitivity and a correctly predicted proportion negative as an analogue for specificity. Figure 3 shows these statistics as each of 3 possible cut points: greater than 1%, greater than 5%, and greater than 50%.
Discussion
The SP142 assay was associated with statistically significantly lower levels of PD-L1 staining than the other 3 assays for both the TPS and ICPS. The 22c3 assay also showed statistically significantly lower levels of PD-L1 expression compared with both the 28-8 and E1L3N assays, but this slightly lower level of PD-L1 staining was detected when only a mean of the 13 pathologists' scores was used. Also, we found that pathologists were highly concordant for each assay, with ICCs of approximately 0.8 for the TPS across any single assay, but poorly concordant for the ICPS, with ICCs of approximately 0.2. This finding suggests that IHC may be a good method for assessment of PD-L1 in tumor cells but is probably inadequate for assessment of immune cell expression independent of which assay is selected. In tumor cells, we found higher concordance at the 50% cut point than at the 1% cut point. The 1% cut point may require the use of automated systems or training regimens for pathologists to improve assay precision.
Because we used a unified scoring system, it allowed us to assess the pathologists' ability to score at various TPS levels. The absence of "truth" or data on response to therapy limits our observations, but definition of a surrogate for "truth," The original magnification for all images is ×20. the median pathologists' score, allowed us to further dissect where pathologists agreed and where they did not in a more real-world manner. In companion diagnostic tests, high assay sensitivity is required for the identification of every patient that may benefit. This approach favors a lower cut point to increase the percentage of patients who are treated. However, if too many patients who are predicted by the test to respond do not respond, either the test, the drug, or both are more likely to fail. As such, we have generated a surrogate for sensitivity by calculating the percentage of times a single pathologist would call the test positive if he or she exceeded the median score of all pathologists at each cut point. These data show that, as designed, these assays as scored by our pathologist group have a 90% to 95% sensitivity for any of the tested cut points to predict a positive test result. However, we also used the same approach to see the proportion of pathologists who are lower than the median score. This surrogate for specificity shows that, for each assay, the 1% cut point has between 70% and 80% specificity compared with greater than 90% for the 5% cut point and greater than 95% for the 50% cut point. Although this is only a theoretical estimate of the potential sensitivity and specificity, the model shows that high specificity requires a high cut point and that high sensitivity can be obtained across all thresholds.
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Limitations
A key limitation of this effort is the lack of outcome data since these patients were not treated with PD-1 or PD-L1 axis therapies. As such, we can only evaluate this work in the context of assay comparisons and not clinical concordance. However, the distribution of PD-L1 expression at the 50% and 1% cut points closely reflected the percentages of the population considered positive in the Keynote 14 and CheckMate 15 studies. This study is a comparison of the assays as performed in 3 specific laboratories using the best possible practices. Recently, it was shown that the antibodies, from the perspective of interaction with the PD-L1 epitope, are most likely only subtly different, if at all. 16 Thus, the variation seen in our study is most likely a function of the recipe or protocol for each assay. Therefore, another limitation of this study is that the assay used for SP142 on the Ventana platform is not identical to the platform now approved by the FDA. We believe the difference is minimal and note the similarity in the appearance of the images seen in our study to those shown in the Blueprint study.
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Furthermore, the differences in the assays (eTable 2 in the Supplement) appear to be minimal. However, because the solutions are proprietary, we cannot exclude the possibility that these small differences result in large effects and are the cause of the lower levels of expression seen in our study.
Conclusions
This study represents level 1 evidence for the comparison of these biomarkers. We have shown that the SP142 assay is an outlier and that pathologists are much better at scoring the TPS than the ICPS. There appears to be minimal difference between the other 3 assays tested, which could have implications for assay choices in individual pathologists' laboratories where there is financial pressure to validate only a single PD-L1 assay. We hope that these observations will lead to future clinical concordance studies in patients treated with PD-1 axis therapies. Inhibition of the programmed cell death 1 protein (PD-1) pathway reverses T-cell exhaustion and improves survival relative to standard chemotherapy for patients with advanced stages of non-small cell carcinoma (NSCLC). [1] [2] [3] Since the clinical benefit is restricted to a subset of patients, predictive biomarkers are essential for patient selection. A number of putative markers have demonstrated predictive potential, but the only proven marker to date is expression of the PD-1 ligand (PD-L1), assessed by immunohistochemistry (IHC). 4 In advanced NSCLC, the biomarker panel includes testing for EGFR (OMIM 131550) mutation and rearrangements in the ALK (OMIM 105590) and ROS1 (OMIM 165020) genes. Recently, PD-L1 expression has been added to the biomarker panel to select patients for immune checkpoint inhibitor therapy. Consequently, the role of the pathologist in providing accurate diagnosis and biomarker testing has become even more important in the diagnostic workup of lung cancer. Tissue availability is a major limiting factor in optimal biomarker testing for lung cancer since tumor biopsies from patients with lung cancer are often limited in quantity owing to the biopsy type and accessibility of the tumor to biopsy. At least 4 anti-PD-1 or anti-PD-L1 inhibitors, each with its own companion or complementary diagnostic test kit, are approved for either a Dako-based (nivolumab and 28-8; pembrolizumab and 22c3) or Ventana-based (atezolizumab and SP142; durvalumab and SP263) IHC staining platform. With the exception of durvalumab, all the drugs are approved by the US Food and Drug Administration for the treatment of advanced NSCLC. In addition to the use of different antibodies, each of the PD-L1 tests has disparate guidelines for interpreting IHC staining. This situation further complicates the ancillary testing algorithm regarding which PD-L1 test to perform unless the pathologist knows the specific drug that will be used for treatment, and thereby would preclude reflex testing for PD-L1 on diagnosis of lung cancer. The lack of harmonized testing and interpretation for PD-L1 also has the potential for increased tissue use if multiple assays are requested and may cause a delay in the return of results. In addition, only the largest reference laboratories will have the resources and incentive to validate all 4 tests.
Harmonization of the PD-L1 assays would have multiple benefits, including the establishment of the interchangeability of the various assays and requirement for validation of just one type of test. A major step in the harmonization of the PD-L1 assays is to determine whether the reagents are equivalent with regard to detection of PD-L1, and whether the individual assays will be interchangeable to identify patients who may derive clinical benefit.
In an article in this issue of JAMA Oncology with direct clinical relevance, Rimm and colleagues 5 compared PD-L1 IHC staining profiles in 90 surgically resected NSCLC specimens using 4 different monoclonal antibodies (Dako 28-8, Dako 22c3, Ventana SP142, and Cell Signaling Technology E1L3N) on 3 different IHC platforms (Dako Link 48 Platform, Ventana Benchmark Platform, and Leica Bond Platform). Of these 4 IHC assays, only the E1L3N assay is a laboratory-derived test. In addition to determining the characteristics of the 4 assays, the study also investigated the reproducibility of 13 pathologists' scoring of the tumor and immune cell infiltrates. Of the 4 assays, the Ventana SP142 was a significant outlier, with lower levels of PD-L1 detection in tumor cells. These results are similar to those in another report by Hirsch et al 6 (the Blueprint study) that analyzed 38 cases of NSCLC using 4 PD-L1 IHC assays (Dako 28-8, Dako 22c3, Ventana SP142, and Ventana SP263). Rimm et al 5 also noted that the SP142 assay detected only half as many PD-L1 cases that were highly positive (>50%) in tumor cells compared with the 3 other assays tested. Similar results were obtained when evaluating the immune cell compartment for PD-L1 expression. Assessment of the interassay variability, based on mean scores from all 13 pathologists, showed that only 2 assays, 28-8 and E1L3N, showed equivalence, while both 22c3 and SP142 *Note that this system is designed to include all cut-points included in any current assay for the 4 drugs in trials at the time of the study design. The system was designed to categorize the percentages for optimal statistical comparison.
